Nisin-producing transconjugants were generated by mating nisin-producing strains of Lactococcus lactis subsp. lactis with derivatives of L. lactis subsp. lactis LM0230. The sucrose-utilizing ability and reduced bacteriophage sensitivity were also transferred with the nisin-producing character. Pulsed-field gel electrophoretic analysis of genomic DNA from donor, recipient, and nisin-producing transconjugants indicated that 68 kbp of DNA was transferred from the chromosome of the donor into the chromosome of the recipient in the conjugation process. The location of the transferred nisin structural gene spaN in the transconjugant HID500 was not stable, and cultures of strain HID500 were a mixture of different genotypes in which spaN was located at different positions in the chromosome on different SmaI fragments. ApaI, BgI, BssHII, NciI, Sall, and SmaI digests of genomic DNA were used to map the location of spaN in a donor (DL11) and a nisin-producing transconjugant (HID504).
Some strains of Lactococcus lactis subsp. lactis have been known for many years to produce the bacteriocin nisin, a 34-residue polypeptide that inhibits the growth of a wide range of gram-positive bacteria including Clostridium botulinum (29) and Listena monocytogenes (2) . This property, along with its heat stability at acid pH and its susceptibility to degradation by the digestive enzyme ao-chymotrypsin, has led to its extensive use as a food preservative, particularly in canned foods and dairy products (13) .
Nisin belongs to a group of bacteriocins termed lantibiotics (25) , which also includes the bacteriocins subtilin (11) , epidermin (25) , cinnamycin (10) , duramycin (10) , and gallidermin (15) . These lantibiotics have similar sizes and structures and are characterized by the presence of the unusual amino acids lanthionine, P-methyllanthionine, dehydroalanine, and dehydrobutyrine.
The gene that encodes nisin precursor peptide (spaN) has been cloned, and its nucleotide sequence has been determined (4, 5, 14) . The resulting data suggest that nisin is synthesized as a prepropeptide, containing a 23-amino-acid leader peptide and containing serine, threonine, or cysteine residues in positions which are modified posttranslationally to form lanthionine, ,-methyllanthionine, dehydroalanine, and dehydrobutyrine (4, 5, 14) . The molecular events resulting in cleavage of the leader peptide, posttranslational modifications of the nisin precursor peptide, and transport through the cell membrane are yet to be elucidated.
Genes encoding nisin resistance and nisin production can be transferred by conjugation from strains of L. lactis subsp. lactis into nisin-sensitive strains of L. lactis subsp. lactis (8, 9, 26) , L. lactis subsp. lactis bv. diacetylactis (9) , Leuconostoc de-xtranicum (33) , and L. lactis subsp. cremors (3, 26) . Nisin-producing transconjugants also acquire both the ability to ferment sucrose (5, 8, 9, 26) and resistance to phage infection (9, 18) , suggesting that the genes for sucrose * Corresponding author.
fermentation and resistance to phage infection are transferred with the nisin genes. The observation by Dodd et al. (5) of an insertion sequence element (IS904) close to, or at the terminus of, the segment of DNA acquired by nisinproducing transconjugants raised the possibility of the involvement of this element in the conjugal transfer. Since this manuscript was submitted, Horn et al. (12) have shown that nisin genes are transferred by a conjugative transposon, TnS301, which contains IS904. However, transposition of TnS301 did not appear to be dependent on IS904.
The location of the genes encoding nisin production and nisin resistance is unclear. Tsai and Sandine (33) detected an additional plasmid of 17.5 MDa in a nisin-producing transconjugant of Leuconostoc de-xtranicum, and Kaletta and Entian (14) isolated the nisin structural gene from plasmid DNA prepared from L. lactis subsp. lactis 6F3. By contrast, Dodd et al. (5), Steen et al. (27) , and Horn et al. (12) presented evidence that spaN is located on the chromosome of nisin-producing strains of L. lactis subsp. lactis. In this paper, we describe the conjugal transfer of genes encoding nisin production and resistance between strains of lactococci and demonstrate that these genes are located in the chromosome of both the donor and the nisin-producing transconjugants. In addition, we found that the conjugal transfer of the nisin structural gene was associated with the transfer of a 68-kbp DNA fragment from the donor to the recipient. Sucrose-fermenting ability and resistance to infection by an isometric headed phage were also transferred in the same conjugation process.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacteria used in this study are listed in Table 1 . Lactococci were grown in M17 medium (30) containing 0.5% (wt/vol) glucose (M17G). When required, erythromycin, streptomycin, fusidic acid, and nisin were used at concentrations of 10, 400, and 40 ,ug/ml and 500 IU/ml, respectively. Plasmid DNA was pre- Sucrose fermentation and phage sensitivity tests. Nisinproducing transconjugants were tested for the ability to ferment sucrose by growth on indicator agar plates (17) containing 0.5% (wt/vol) sucrose instead of lactose. The phage sensitivity assay was performed as described previously (21) , with the prolate and isometric headed phages c2 and skl (20) , respectively.
Preparation of genomic DNA in agarose blocks and digestion. Genomic DNA was prepared in situ in agarose blocks, and the DNA in the blocks was prepared for digestion by restriction endonucleases as described by Tanskanen et al. (28) . Restriction digests were carried out by using the temperatures and buffer conditions recommended by the enzyme manufacturer.
PFGE. DNA fragments were resolved by pulsed-field gel electrophoresis (PFGE) (35) through 1% (wt/vol) agarose gels in a buffer consisting of 45 mM Tris, 45 mM boric acid (pH 8.0), and 1 mM sodium EDTA, for 20 h at 200 V at 15°C in a Bio-Rad CHEF DRII electrophoresis cell (28) . Gels were stained with ethidium bromide (1 mg/liter of water) to detect DNA. Fragment sizes were determined from their mobilities by using A phage DNA concatemers (Pharmacia) and HindIII digests of A DNA as molecular size standards.
Probe construction, radiolabeling and DNA hybridization. The DNA probe used to detect spaN was constructed by using the polymerase chain reaction. The oligonucleotide primers AAGGAGGCACTCAAAATGAGTAC (oligo I), corresponding to a region overlapping the ribosome-binding site preceding spaN (4), and TTAT'TGCITACGTGAAT ACTAC (oligo II), which is complementary to a region including the termination codon of spaN (4), were synthesized on an Applied Biosystems 381A DNA Synthesizer. The polymerase chain reaction amplification was carried out as recommended for the Perkin-Elmer Cetus GeneAmp DNA Amplification Reagent Kit (part no. N801-0043), with a concentration of 1 ,uM for each primer and 7.5 ng of DL11 genomic DNA as the template. A Hybaid intelligent heating block was run for 25 cycles of 94°C for 1 min, 37°C for 2 min, and 72°C for 2 min. The polymerase chain reaction product was separated by agarose gel electrophoresis, and the DNA fragment of the predicted size (ca. 200 bp) was recovered by electroelution onto NA45 paper (Schleicher & Schuell). The fragment was eluted from the paper with 1 M sodium chloride-50 mM arginine at 70°C for 2 h. 32P-labeled probes were prepared by random priming (7) or by end labeling oligo I (described above) (24) . Southern blots of PFGE agarose gels were prepared on nylon membranes (Du Pont or Gelman) by using an LKB VacuGene apparatus (Pharmacia) and 0.4 M NaOH as the eluant (23) . additional hybridizations of the probe with PFGE separations of ApaI, BglI, BssHII, NciI, and SalI digests of total genomic DNA ( Fig. 2A) . Since there is an NciI site within spaN (4), it was also possible to determine the orientation of spaN on the chromosome ( Fig. 2A) exhibited reduced sensitivity to infection by the small isometric headed phage skl compared with that of the recipient strain HID113. The sensitivity of the transconjugant to the prolate headed phage c2 was the same as that of the recipient strain HID113. Samples of high-molecular-weight genomic DNA isolated from the transconjugant, the donor, and the recipient were digested with SmaI, and the resulting fragments were resolved by PFGE (Fig. 3A, lanes 1 to 3) . Strain HID500 contained four SmaI fragments of 427, 398, 252, and 155 kbp, which were not present in the recipient strain HID113. The spaN probe hybridized to three of the new SmaI fragments in strain HID500 (the fragments of 398, 252, and 155 kbp) (Fig. 3B, lane 2) . The spaN probe hybridized most intensely with the 252-kbp fragment.
RESULTS

Mapping
It has been shown previously (28) , and was confirmed in this study, that the genome of LM0230 (and its derivative HID113) contains two 184-kbp SmaI fragments. By contrast, densitometric analysis of the electropherogram shown in Fig. 3A revealed that the molar ratio of the 184-kbp fragment(s) in HID500 was approximately 1.3, suggesting that strain HID500 contained submolar amounts of one of the two 184-kbp SmaI fragments present as a doublet in strain HID113 (Fig. 3A, lanes 1 and 2) . This was confirmed by hybridization studies (see below and Fig. 6 ). Densitometric analyses also showed that the 427-, 398-, and 155-kbp SmaI fragments were all present in submolar amounts. This raised the possibility that the original transconjugant was genetically unstable and had given rise to a genetically heterogeneous population of cells during the course of its isolation and subsequent growth for genomic DNA preparation.
To examine the genetic stability of HID500, a sample was plated out, 10 single colonies were isolated at random, and genomic DNA was prepared from them. The PFGE SmaI digestion patterns of seven of these new isolates were identical (Fig. 4A, lanes 3, 5, and 7 to 11 ). By comparison with strain HID113 (Fig. 3, lane 1) , they each contained an additional band (of 252 kbp) and lacked one of the 184-kbp fragments. The spaN probe hybridized only to the 252-kbp fragment in these isolates (Fig. 4B) . The DNA isolated from the other three colonies contained more than one additional SmaI fragment compared with strain HID113 and contained a number of SmaI fragments that hybridized with spaN ( 4, lanes 4, 6 , and 12). The 252-kbp SmaI fragment was present in submolar amounts in the DNA from one of these colonies (Fig. 4A, lane 6 ) and was not visible in the restriction pattern of DNA from another (Fig. 4A, lane 12) . None of the colonies yielded SmaI restriction patterns, or hybridization patterns with spaN, which were identical with that of HID500. Indeed, samples of DNA isolated from new cultures of strain HID500 gave a different hybridization pattern from that obtained originally (Fig. 3A, lane 2 were able to ferment sucrose, and exhibited reduced sensitivity to infection by phage skl compared with that of the recipient strain LM0230(pMU1328), whereas susceptibility to c2 phage remained unchanged. The SmaI digestion patterns of genomic DNA isolated from all of these transconjugants (Fig. 3A, lanes 5 to 9) contained one or more bands that were not present in the pattern of the recipient strain, LM0230(pMU1328) (Fig. 3A,  lane 4) . Thus, transconjugants HID503 and HID504 (Fig. 3A , lanes 7 and 8) contained one additional SmaI fragment (of 252 kbp); transconjugant HID505 (Fig. 3A, lane 9) contained two additional SmaI fragments (of 427 and 155 kbp), and transconjugants HID501 and HID502 (Fig. 3A, lanes 5 and 6) each contained three additional SmaI fragments (of 427, 252, and 155 kbp). All five transconjugants were missing one of the 184-kbp SmaI fragments present as a doublet in the recipient strain, whereas the three transconjugants that contained the 427-kbp SmaI fragment contained only submolar amounts of the 330-kbp SmaI fragment (Fig. 3A, (Fig.  3B) .
These experiments demonstrated that the transconjugant strain HID500 could itself act as a donor of spaN and that the genetic instability associated with the marker in strain HID500 was also transferred in the conjugation.
Chromosomal location of spaN in strain HID504. Because the transconjugant HID504 was stable genetically during 2 years of storage at -20°C and for 2 weeks of daily subculture in the presence of nisin, this strain was used to characterize the site of insertion of spaN in the chromosome. Data derived from Fig. 3 showed that conjugal transfer of spaN into LM0230(pMU1328) to yield HID504 resulted in the loss of a 184-kbp SmaI fragment and the formation of a new SmaaI fragment of 252 kbp. This gain of 68 kbp of DNA by the transconjugant was seen more clearly in ApaI digests of DNA from strains HID504 and LM0230(pMU1328) (Fig. 5) . AnApaI fragment, coincidentally also of 184 kbp, present in the recipient (lane 2) was replaced in the transconjugant HID504 by a new fragment of 252 kbp (lane 3). This 252-kbp fragment was the only fragment that hybridized with the spaN probe. These data, together with those from the SmaI digests, indicate that the conjugal transfer of genes encoding nisin production and resistance was associated with the insertion of a 68-kbp DNA fragment containing spaN into the chromosome of the recipient. The location and orientation of spaN in the HID504 chromosome were mapped as described above for DL11 (Fig. 2B) . The restriction map of the region surrounding spaN and extending for at least 32 kbp downstream was identical in both HID504 and the original donor strain DL11. However, the restriction map outside this region differed between the two strains (Fig. 2) . This suggested that the 68-kbp DNA fragment containing spaN inserted into a different region of the LM0230 (pMU1328) chromosome compared with DL11. A physical map of the LM0230 chromosome is not yet available. To confirm that the 252-kbp SmaI fragment containing spaN was indeed derived from one of the two 184-kbp SmaI fragments present in the recipient strain, a 8.5-kbp BssHII fragment located outside the 68 kbp of DNA containing spaN was isolated from the 252-kbp SmaI fragment. This BssHII fragment hybridized to a 184-kbp SmaI fragment in both of the conjugation recipients [strains HID113 and LM0230(pMU1328)] and to a 145-kbp SmaI fragment in strain DL11, the original donor (Fig. 6 ). When hybridized with DNA from the six transconjugants, this probe hybridized to the same SmaI fragments as the spaN probe, except that it did not hybridize with the 398-kbp SmaI fragment in HID500 or the 145-kbp SmaI fragment in HID501 (Fig. 6 ).
DISCUSSION
Previous workers (8, 9, 26, 33) have shown that genes encoding nisin resistance and production and the ability to ferment sucrose are cotransferred in conjugation experiments. The location of the nisin genes has been contentious. Early conjugation experiments (26, 33) suggested a plasmid location of these genes, and Kaletta and Entian (14) (27) concluded that the nisin precursor gene is chromosomally located in L. lactis subsp. lactis ATCC 11454 since gene probes hybridized with DNA fragments which were too large to be derived from plasmids.
We have used PFGE analysis of digests of L. lactis subsp. lactis DL11 to show unequivocally that spaN is located on the chromosome of this strain. spaN hybridized to an 810-kbp SmaI fragment and a 600-kbp NotI fragment which we have previously located on the physical map of the DL11 chromosome (34) . We were thus able to determine the location of spaN with respect to the SmaI site at position 2.5 Mbp on this map. The DL11 strain used in this study is a spontaneous Prt-derivative of the L. lactis subsp. lactis ATCC 11454 studied by Steen et al. (27) . These authors found that spaN hybridized to a 625-kbp NotI fragment and to a 140-kbp SmaI fragment. The reason for the discrepancy in the size of the SmaI fragment containing spaN is not known.
Our work shows that the conjugal transfer of spaN results in the insertion of a 68-kbp fragment containing spaN into the chromosome of the recipient strain. In addition to spaN, the transferred fragment presumably contains genes encoding nisin immunity or resistance, nisin-modifying enzymes, reduced bacteriophage sensitivity, and sucrose-utilizing ability. Donkersloot and Thompson (6) 
